and photonic technologies, providing a highly effective mean for the manipulation and control of carriers, from the visible to the Terahertz (THz) frequency range. Despite the exceptional versatility, they commonly require challenging epitaxial growth procedures due to the need of clean and abrupt interfaces, which proved to be a major obstacle for the realization of roomtemperature (RT), high-efficiency devices, like source, detectors or modulators, especially in the far-infrared. Two-dimensional (2D) layered materials, like graphene and phosphorene, recently emerged as a reliable, flexible and versatile alternative for devising efficient RT detectors operating at Terahertz frequencies, with signal to noise ratios SNR ≤ 500. We here combine the benefit of the heterostructure architecture with the exceptional technological potential of 2D layered nanomaterials; by reassembling the thin isolated atomic planes of hexagonal borum nitride (hBN) with a few layer phosphorene (black phosphorus (BP)) we mechanically stacked hBN/BP/hBN heterostructures to devise high-efficiency THz photodetectors operating in the 0.3-0.65 THz range from 4K to 300K with a record SNR =
arrangement between the FET electrodes and the orientation of the main crystalline directions.
It is well known that, because of its strongly corrugated in-plane structure, BP has opposite anisotropies in thermal and electrical conductivities, 5 thus representing an ideal playground for devising different architectures, starting from the same active element.
Despite the conceptual and practical simplicity, the architectures proposed to date have two major limits: (i) they don't allow playing much with the device electrical (mobilityconstrained) and optical (impedance/capacitance matching) performances; (ii) the quite fast degradation of the exfoliated BP flake to oxygen and ambient exposure (moisture, oxygen), prior to encapsulation. 15 Here, inspired to the artificial semiconductor heterostructure architecture 16 and to the fascinating capabilities of Van der Waals (vdW) heterostructures [17] [18] [19] [20] we embed a BP flake within a natural semiconductor heterostructure formed by multilayered hexagonal boron nitride (hBN) crystals, to devise hBN/BP/hBN heterostructured THz photodetectors having high optical response, and an extremely good time-dependent electrical stability.
hBN, a III-V compound with an energy band gap of ≈ 5.2-5.4 eV 21 constitutes an ideal encapsulating material for BP. Being impermeable to gases and liquids it provides permanent shielding to ambient exposure, leading to extremely air-stable devices. 22 Furthermore, it enables reaching record mobility (up to ≈ 1350 cm 2 V -1 s -1 at room temperature 23 and ≈ 6000 cm 2 V -1 s -1 for T < 30 K 20 ) thanks to its flatness and its compatibility with honeycomb structure.
In contrast with oxide-encapsulated structures, 8 when stacked over other layered crystals, hBN indeed forms clean and inert interfaces, preventing charge traps or dangling bonds. 24 Under this configuration, hBN can also be seen as a valuable ready-to-use gate dielectric, due to its high breakdown voltage (≈ 1 V nm -1 , depending on the number of layers and on the carrier type 25 ) and the sufficiently large dielectric constant (3.5-4), 26, 27 which in turn allows high gate-to-channel capacitance value required for tuning the device transport and optical properties. Moreover, it is in principle capable to provide a large mobility increase at low temperatures (≈ an order of magnitude) 16, 20 with respect to any oxide-surrounded device (≈ a factor of 2).
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The hBN/BP/hBN heterostructured nanodevices were devised over a high resistivity silicon substrate covered with a 300 nm SiO 2 cap-layer. A first set of hBN flakes were mechanically exfoliated onto the clean SiO 2 surface and their thickness measured with an atomic force microscope (AFM). 40 nm thick hBN flakes having lateral dimensions of 20x20 μm 2 were selected to facilitate subsequent alignment steps. BP flakes were then transferred onto the lower hBN layer with a deterministic dry transfer process, the polyvinylalcohol (PVA) method, 29 which ensures an extremely clean interface between the two materials. (See Methods) . 18, 30 To ensure an optimal radiation feeding, 13 we patterned the S electrode in shape of the arm of a planar bow-tie antenna and the D electrode in the shape of a straight line (Figure 1c) . The S/D metal deposition was performed in two separated lithographic steps (See Methods). This doublestep evaporation procedure (Figure 1d ) allows realizing thick antennas and mechanically robust bonding pads, while keeping low (< 1 fF) the parasitic capacitances between the FET electrodes. The top hBN flake, serving as passivation layer and simultaneously as top-gate isolating dielectric, was then transferred on the hBN-BP stack using the deterministic PVA method. The gate (G) electrode, patterned in shape of a split bow-tie arm (Figure 1c) , 31 was then deposited on the top of the hBN-BP-hBN heterostack.
We devised two samples exploiting a different crystallographic orientation of the BP flake with respect to the FET channel, while keeping unchanged the antenna architecture (see Methods). Before the fabrication of S and D contacts, the in-plane orientation of the transferred BP flakes was determined by means of Raman spectroscopy experiments, performed following the method described in Refs. [6, 14] (see Supporting Information).
Sample A has been electrically contacted along the 45° direction in-between the armchair (x) and the zigzag (y) axis, whereas sample B has been contacted along the zigzag (y) direction.
Such a difference is expected to affect the transport and optical response of the two samples. while indeed the responsivity of sample A is decreasing at larger frequency, sample B has a significantly larger sensitivity at 627 GHz. This is ascribed to the superposition of different physical mechanisms, simultaneously activated within the channel. Indeed, thermoelectric, plasma-wave or bolometric effects can contribute to the overall photoresponse and their interplay is strictly dependent from the device architecture. To infer the physical mechanisms at the origin of the detection process one can compare the photovoltage and photocurrent measurements, which provide an unambiguous way to identify the related physical dynamics. 14 The thermoelectric effect arises when a temperature gradient is generated within a non-zero Seebeck coefficient material. This is expected to occur in the present case since the devised asymmetric antenna couples the THz radiation more efficiently to the S electrode than to the D electrode, leading to different thermal distributions at the two ends of the BP channel. As a consequence of the carriers (holes) diffusion from the hot to the cold FET side, a net current flows toward the D electrode. Thus, if a PC measurement is performed, the thermoelectric current (I T ) is negative regardless the sign of the applied V SD .
Plasma-wave effects are usually triggered by a specific degree of asymmetry provided by the antenna geometry, the channel material, or by a longitudinal electric field along the S-D channel. In a PC measurement, the dominant asymmetry is induced by the applied V SD , the plasma-wave-related current (I pw ) will flow in the same direction of V SD , keeping its sign.
Conversely, the bolometric effect is caused by a channel conductivity change induced via heating or cooling processes. The amplitude of the bolometric current (I B ) is proportional to the bolometric coefficient γ = dσ/dT. In the case of positive γ, the bolometric contribution to the current sums up with the same sign to any electric field driven source-drain current: if V SD is positive, I B follows its sign.
Summarizing the former considerations in a schematic formula, the dc current flowing through the detectors when measured in PC mode can be written as:
Where the (+) and (-) superscripts indicate the sign of V SD . Equation (1) can be also written as:
where the photoconductive voltage Δu * = (I SD-on -I SD-off )/σ -1 accounts for the difference between the photocurrent detected when the THz beam is impinging on the heterostructure (I SD-on ) and when the beam is blanked (I SD-off ) and where σ is the dc conductivity.
Equation (2) is the thermoelectric photovoltage while equation (3) This conclusion is in general agreement with our previously experimental observations on 45°
oriented-BP based photodetectors, 14 demonstrating that the BP flake is mainly governing the overall electrical/thermal management.
In order to test the low-temperature performance of the devised detectors, we employed a helium refrigerated cryostat, and varied the heat sink temperature (T) from 4 K to 300 K. The optical setup was similar to the one used in the RT experiments, with the difference that the collimated (not focused) THz beam, after being partially attenuated by the cryostat window, was sent to the samples with a reduced incoming optical intensity of  3.1. The results reported in Figure 3 c-d show a minimum NEP 100 pW/(Hz) ½ at 4 K, for both devices. Remarkably, the correspondent signal-to-noise ratio reaches 20000, a record value for any van der Waals 2d-material based THz detectors. 32, 33 In order to have a deeper insight on the low temperature dynamics, we performed photovoltage experiments in PV mode while varying the output frequency f, in the range 265-375 GHz and T in the range 4-298 K and while keeping fixed V G = 0V. Interestingly, we discover that the spectral response of samples A and B shows a very different temperature dependence (Figure 4 a-b) .
In sample B, by varying the temperatures, the signal amplitude increases but the peak frequency position remains unchanged (Figure 4b) . Conversely, sample A shows a visible temperature dependence of the main peak frequency position. This effect is made evident in Figure 4a , which clearly shows the red-shift occurring when the temperature varies in the 100 K -300 K range.
In sample A, the top gate field-effect hole mobility 13 (Figure 4c) . In sample B, μ follows a rather similar trend, but reaches higher values (up to ≈ 1050 cm 2 V -1 s -1 ) at low temperature (Figure 4d) , in qualitative agreement with previous reports on p-type BP-based field effect transistors. 18, 20, 24 The comparison between the spectral response and the mobility trend of sample A, unveils that the red-shift in the spectral response occurs in the same temperature range where its mobility starts to decrease. On the other hand, though sample B presents an even larger mobility variation, its frequency dependence is practically unaffected by temperature changes.
This difference can be attributed to the dissimilar mechanism of signal generation within the two detectors. Nevertheless, this conclusion leaves open a question about the low temperature responsivity increase. Indeed, the thermoelectric contribution to Δu is expected to follow the trend of the Seebeck coefficient (S B ), which is expected to decrease at low temperature. 
Methods
Fabrication. The metal deposition of the source and drain electrical contacts was performed in two separated steps: the portion of the contacts in close proximity with the BP flake was covered with 5/50 nm Ni/Au, while the more external portions (at  5 μm distance) with a 10/150nm Cr/Au layers sequence (see Fig.1d ). This double-step evaporation procedure allows realizing thick antennas and mechanically robust bonding pads, while keeping low (< 1 fF) the parasitic capacitances between the FET electrodes. A second hBN flake, serving as passivation layer and, simultaneously, as top-gate isolating dielectric, was then transferred on the hBN-BP stack using the deterministic PVA method. The gate (G) electrode, patterned in shape of a split bow-tie arm 31 ( Fig.1c) 
